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SUMMARY OF WORK ACCOMPLISHED L EERE 18 3 &

We have studied the behavior of a passive cavity optical gyroScope using

H
.

strd et

ist

(a) a small, 17 cm on a side, aluminum block and (b) a large, 70 cm on a side,
cavity havipg discretely mounted components. In both cases, shot-nofse-1imited
performance has been reached for short periods of time, on the order of 20
minutes. Long term behavior has not been studied in much detail, but several
factors that can influence the long term performance have been identified.

Below is a summary of work accomplished ir various areas.

(a) Performance of the 17 c¢m gyroscope

The drift performance of a square cavity 17 c¢cm on a side is presented in
this section,

Figure 1 is a schematic diagram of the setup. A 1 mW laser, frequency f,
is split into two beams, one of which is shifted by a constant frequency f]
by means of an acousto-optic shifter and is then coupled in a clockwise (cw)
direction into the passive cavity. The cavity consists of 2 plane 99% reflec-
tivity mirrors and 2 curved maximum reflectivity mirrors. One of the curved
mirrors is mounfed on a PZT crystal for cavity-length adjustment. The cw
resonance frequency of the cavity is locked to the laser frequency fo t f.I by
means of a feedback loop which automatically adjusts the cavity length via
the PZT crystal to maintain the lock. To achieve shot-noise-limited perform-
ance the cavity resonance is modulated at a rate of 36 kHz so that shot noise
{s the dominant noise source at this modulatfon frequency. For optimum.sensi-
tivity, the modulation amplitude is made large enough to reach points of

maximum slope on either side of the cavity resonance. In our case, the width
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of the cavity resonance is 2.5 MHz so that a peak modulation amplitude of
about 0.6 MHz is needed. The detector output is demodulated in a phase-
sensitive demodulator (PSD #1) at 36 kHz and then passed through a servo
amplifier followed by a high-voltage summing amplifier which drives the PZT
crystal. The performance of this primary lock is demonstrated in Figure 2
which shows the output of the phase-sensitive demodulator (PSD #2) when the
lock is operating. The observed f]uctuatioﬁs-in this output are essentially
the residual relative frequency fluctuation beéween fo + f] and the cw cavity
resonance frequency. The peak-to-peak excursion in a time constant of 1 second
is about 0.3 Hz.

The second part of the laser beam in Figure 1 is shifted in a similar way
by an adjustable frequency f2 and is then coupled into the counterclockwise

direction (ccw) of the cavity. The coupling-in and coupling-out mirrors are

the same for bott cw and ccw directigns in this setup. A second feedback loop
adjusts f, by means of a voItage-cdnf?oT]ed oscillator (VCO) so that fo +f,
is locked to the center of the ccw resonance of the cavity. This secondary,
or rotation-rate measuring, loop takes advantage of the same modulation fre-
quency used for the primary loop. The output of detector #2 is, therefore,

also demodulated at 36 kHz and then passed through a servo amplifier to drive

Bebiiinimtiatell

a voltage-controlled oscillator (VCO #2) to adjust f2 as required. (By subtract-
ing the output of PD #1 from PD #2 before demodulation in PSD #2, it is pos-

sible to substantially reduce any residual relative jitter between laser and
cavity from affecting the rate-measuring loop, Moreover, this subtraction
compensates for any offset in the primary loop lock caused by, for example,
cayity drift since the d.c., gain in the primary servo is not infinite.)

If there is no fnertial rotation (or any other nonreciprocal phase shift)

the cw and ccw resonance frequencies of the cavities are {identical, i.e.,




fot 1= few™To* fo = feoy 2nd therefore f, = f,.
In the presence of inertial rotation, f._ and f . will be separated by

a frequency Af given by
- . A
of = fow = feew =3P 2

where A = area enclosed by the cavity, » is the average wavelength of the
1ight in the cavity, P is the perimeter of the cavity, and o is the inertial
rotation rate about the axis perpendicular to the plane of the cavity. This
rotation-induced separation between cw and ccw cavity frequencies activates
both primary and secondary feedback loops. The primary loop will change th:
cavity length so that fcw is held at fo + f] in the presence of inertial
rotation and the secondary loop will change f2 so that fo + f2 is now held
‘at the new fccw‘ In this way, the measurement of f] - f2 by, say, an up/down
counter fcw - fccw which is related to @ by the scale factor 4A/AP.

The uncertainty in measuring @ depends on &§f, the uncertainty in measur-

ing fcw -f W’ given by

cc

6 = Jp of

For shot-noise-1imited detection,
of = 2T

Non DT

where " is the cavity-resonance width, Nph is the number of photons per second
at the detector, np is the photodetector quantum efficiency, and T is the
averaging time. The factor /2 comes from the addition of the uncertainties
in the measurement of fcw and fccw‘

Figure 3 shows the output of PSD #2 (secondary feedback loop open) as a

function of time for t = 1 second, The rms fluctuation in the data, assuming




the data is random-noise, corresponds to 0.6 Hz rms or 3 x 10'2 Qg or
0.45°/hour (t = 1 sec) (QE is the earth-rotation rate). This compares well
with the expected shot-noise-limited value of 0.32 Hz (T = 1 sec) based on’
measured peak intensity at the detectors. The open-loop data in Figure 3
is an accurate measure of Af because f1 and f2 are derived from highly stable
frequency synthesizers and, in addition, all relevant electronic sources of
error are small compared with 0.6 Hz. |

~It should be mentioned that the present setup is by no means optimum.
By using 99.5% R coupling mirrors that have low loss, it should be possible
to reduce the cavity Tinewidth to less than 1 MHz and obtain a transmission
through the cavity of over 30%. Calcu1a§ions indicate that the optimum per-
.formance that can be obtained with a 1 mW laser a 17 cm square cavity is

5 x 1072 Hz, or 2.5 x 10’395 or 0.04°/hour (t = 1 second). With t = 1 hour

the optimized shot-noise-limited performance should be 4.2 x IO'SQE or
0.0006°/hour.

(b) Preliminary Results with Discrete Component Gyroscope

The passive ring resonator gyroscope discussed in Section (a) consists
of a solid block of aluminum which supports all optical .components with the
exception of the laser which is mounted external to the block. The mirrors
and other optical components are placed in aluminum holders which are secured
in place by means of shims, Such an arrangement has been adequate for our
early work, but is not too convenient for studying error sources such as those
due to misalignment.

We have recently assembled a setup that has discretely mounted components
which are attached to the top of a vibration isolated table, This new ar-

rangement makes it possibleto perform misalignment tests rather conveniently
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and, in addition, makes it possible to change cavity size} - to insert

mode matching optical components and so on. The size of the cavity in
the new setup is about 70 cm on a side which increases the scale factor by
4 and the overall sensitivity, based on shot-noise-1imited detection, by 16.
Figure 4 shows the narrow cavity resonance width of 200 kHz that has

been obtained so far with this new cavity. Preliminary drift data is shown

2

in Figure 5 demonstrating an rms fluctuation of about 10~ 2 (r =1 sec) or

0.15°/hour (t = i sec). There are a number of noise sources in this setup

that have yet to be investigated. With a 1/2 mW laser we expect the shot

4

noise 1imit for this cavity size to be 107 9. or 0.0015°/hour for an inte-

E
gration time of 1 second.

"(c) Theoretical Calculations of Misalignment Errors

One of the major sources of error in a passive resonator optical gyro-
scope {s due to a change in alignment of the optical beams with respect to
the cavity due to mechanical or thermal stresses. A nonreciprocal misalign-
ment causes higher order transverse modes of the ring cavity to be excited
which tend to pull the resonance frequency of the fundamental or TEMoo mode
that is used as reference. Unlike a laser resonator, where higher order
modes are supp?essed because of insufficient gain, a passive resonator sup-
ports a large number of higher order transverse modes. In the absence of
any time-dependent misalignment, the existence of higher order modes can
only contribute a constant offset to fCw and fccw which is not a problem.
However, a problem does arise when there is a nonreciprocal time-dependent
change fn the relative amplitudes of the higher order modes caused by mis-
alignment or any other effect and this generates a time-dependent offset

or bias drift. To reduce such frequency-pulling effects, it §s clear that
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frequency pulling due to ER(m.n) may then be easily determined.

the ring cavity and the external optics must remain in good alignment. The
degree of misalignment that can be tolerated for a given performance require-
ment was  analytically investigated in our laboratory. By
calculating the amplitudes of higher order modes that can be excited in a
given resonator configuration as a function of misalignment, we could
determine an optimum cavity arrangement that minimizes frequency pulling
caused by misalignment. The calculation could becarr1ed out with and with-
out perfect matching of the mode of the external laser field into the TEMoo
mode of the ring cavity.

In order to determine the frequency pulling due to higher-order trans-
verse modes brought abéut by a given change in alignment, we must first cal-

culate the change in the amplitudes of all higher order modes TEM(m,n) caused

'by the misalignment and then calculate the frequency pulling due to each

higher order mode with respect to the TEMoo resonance.

In order to calculate the amplitude of any particular higher order mode
TE"(m.n) ER(m’n)(x,y,z) due to a misalignment, we must integrate the product
of the electric field distribution of the incoming beam EL(x,y,z) and the
complex conjugate of the electric field distribution of the TEM(m,n) mode of
the cavity EE(m,n)(x,y.z) over a cross sectional plane of the cavity. Mathe-
matically, this is represented by

”EL(X’Y’Z)EE(min)(x .)'.Z) dx dy
173 Ec(m.n)Eé(m,n)(x’y’z) dx dy

ER(m,n)(x’y’z) =

where (x,y,z) are coordinates in a plane normal to the optical axis of the
cavity at some point z on the axis. The integral in the denominator is a
normalization integral.. A computer program has been written to perform the
above calculation for a ring cavity with its inherent astigmatism. Once

En(m’n)(x,y,z) is calculated as a function of misalignment the corresponding
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SUGGESTIONS FOR FUTURE RESEARCH

A.

c.

.

Continuation of the theoretical calculations of frequency pulling as a
function of misalignment, discussed in the previous section. This will
ald in determining an optimum cavity configuration that will minimize
frequency pulling errors c ‘ised by beaq misalignment due to (1) mirrors
external to the cavity; (ii) mirrors internal to the cavity; (ifi) tem-
perature effects on the acousto-optic shi%ters; (iv) laser beam point-

ing instability, and so on.

Examination in more detail of the behavior of acousto-optic frequency
shifters with respect to (1) temperature-induced misalignment; (it)
temperature-induced birefringence; (1i1) driver amplifier noise;

(iv) driver amplifier power fluctuations; (v) scattering phenomena
within the acousto-optic medium; (vi) temperature-dependent spatial
distortion of the optical beam propagating through the A/0 medium, and

SO on,

Studying the performance and Timitations of the electronic feedback
loops, particularly with respect to time-dependent offsets, This may
lead to the development of digital techniques for phase-sensitive

demodulation and integration.

Investigation of new approaches to the determination of the resonance
frequenctes of the cw and ccw cavities with minimum contributions from

higher order modes, One such approach is to use a third derivative

lock which promises to reduce the effect of background slope on the




center frequency of the TEMoo resonance.

Studying the spatial inhomogeneities in the beams coupled out of the
resonator caused by mirror imperfections, etc., such inhomogeneities
can contribute significantly to errors in the determination of -the

true center frequency of the cavity resonance.

Studying the effect of the spatial inhomegeneities in the photo detec-
tors, any detector surface inhomogeneity coupled with beam inhomogenei-
tfes discussed in E above can contribute to errors in the determinatior

of the true center frequency of the cavity resonance.

Investigation of mirror backscattering effects. Mirror backscattering

generates an output at the phase sensitive detector that is at the

difference frequency between cw and ccw beams. The magnitude of the
sfgnal is as expected. In our experiments so far we have substantially
reduced the error due to backscattering by operating at a large offset

e.g., 200 Hz so that with a time constant of 1 second we saw vefy little

of the back scattering beat frequency. Otherwise it would be necessary
to externally jitter one or both of the frequencies or their phases

before entering the cavity.

Investigation of sources of optical coupling between laser and cavity,
A number of possibilities exist for coupling 1ight other than the

primary beam into the cavity. For example, the primary beam reflected
out of the cavity gets recoupled into the cavity after reflection at

the output mirror of the laser.
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Figure 1. Schematic diagram of passive ring cavity inertial rotation sensor.
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Figure 2. Output of PSD #1 demonstrating the residual relative frequency fluctuation between
‘0 + ‘l and tcw (time constant is 1 second). Scan duration about 10 minutes.




Figure 3. Output of PSD #2 demonstrating fluctuation in the measurement of fcw - rccw or 2 in a time

constant of 1 second. Scan duration is about 5 minu:es (calibration spike is also shown).

Figure 4. }iesonance of passive i‘ing cavity 70 cm on a side. Full width at half intensity
is 200 kHz. .
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Figure 5. Output of PSD #2 for discrete component cavity 70 cm on
a side. Scan duration 10 minutes. Time constant t = 1 second.
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